Rationale Although selective serotonin reuptake inhibitors (SSRIs) produce clinical therapeutic effects on depression and anxiety through augmentation of serotonergic neurotransmission, there is little known about the potential contributions of the 5-HT 6 receptor in the treatment of mood disorders. Objectives The aim of this study was to test the potential antidepressant-like and anxiolytic-like effects of the 5-HT 6 receptor agonists WAY-208466 and WAY-181187 using established behavioral tests in rats. Methods In order to determine if the 5-HT 6 receptor agonists possess antidepressant-like activity, rats were treated with WAY-208466 or WAY-181187 and tested in the modified rat forced swim test (FST). Also, the potential anxiolytic-like effects of WAY-208466 and WAY-181187 were measured using the defensive burying (DB) test and novelty-induced hypophagia (NIH) test. Results WAY-208466 and WAY-181187 produced both antidepressant-like and anxiolytic-like effects. Both compounds decreased immobility and increased swimming behavior in the FST. The effects of the 5-HT 6 receptor agonists were similar to those seen after treatment with the SSRI fluoxetine. Both 5-HT 6 receptor agonists also decreased burying duration in the DB test, indicative of anxiolytic activity in the test. The anxiolytic effects of WAY-208466 were reproduced in the NIH test. Assessment of the anxiolytic effects of WAY-181187 in the NIH was confounded by alterations in home cage feeding behavior. Conclusions These findings suggest that 5-HT 6 receptor agonists may represent a new class of potential antidepressant and anxiolytic compounds and could possess a number of advantages over currently available treatments, including rapid onset of anxiolytic efficacy.
Introduction
The most widely prescribed pharmacological treatments for depression and anxiety are the selective serotonin reuptake inhibitors (SSRIs) (Montgomery et al. 2007; Nutt 2005) . The principal acute pharmacological action of these compounds is the direct blockade of the serotonin (5-HT) transporter which causes increased extracellular levels of 5-HT (Frazer 1997) . Despite extensive clinical use of SSRIs for the treatment of depression and anxiety, it is still unclear which of the 5-HT receptor subtypes contribute to the therapeutic actions of SSRIs. Early studies identified postsynaptic 5-HT 1A receptors as an important target for antidepressant activity as selective 5-HT 1A receptor agonists reproduce many of the effects of SSRIs (Lucki et al. 1994; De Vry 1995) and blockade or genetic deletion of 5-HT 1A receptors prevent the effects of acute and chronic administration ofHowever, selective 5-HT 1A receptor agonists have not demonstrated equivalent clinical antidepressant efficacy to SSRIs (Blier and Ward 2003) . In view of the positive effects of numerous selective 5-HT receptor agonists and antagonists reported on tests for antidepressant activity, the therapeutic effects of SSRIs may be the product of the activation of multiple 5-HT receptors (Carr and Lucki 2010) .
The 5-HT 6 receptor is a G-protein-coupled receptor that positively stimulates adenylate cylcase activity (Gerard et al. 1997; Monsma et al. 1993; Ruat et al. 1993; Ward et al. 1995) . 5-HT 6 receptor mRNA is located most abundantly in the olfactory tubercle, frontal and entorhinal cortices, dorsal hippocampus, nucleus accumbens, and striatum (Gerard et al. 1997; Ward et al. 1995) . Other studies have shown a similar distribution pattern for 5-HT 6 receptor protein in the brain (Hamon et al. 1999; Roberts et al. 2002) . 5-HT 6 receptors are thought to serve as heteroreceptors as they are not found on 5-HT cell bodies or terminals (Gerard et al. 1996) . Signaling through the 5-HT 6 receptor has been shown to regulate the release of other neurotransmitters in the brain. Specifically, 5-HT 6 receptor antagonists increase extracellular levels of acetylcholine, glutamate, and norepinephrine in forebrain regions (Dawson et al. 2000 (Dawson et al. , 2001 Riemer et al. 2003) .
A role for the 5-HT 6 receptor system has been proposed in the regulation of cognitive function. 5-HT 6 receptor antagonists have been shown to improve performance in tasks involving learning and memory in rodents (Hirst et al. 2006; Loiseau et al. 2008; Rogers and Hagan 2001; Woolley et al. 2003) . Additionally, 5-HT 6 receptor antagonists also produce anxiolytic-like and antidepressant-like effects in rodents (Hirano et al. 2009; Wesolowska 2007 Wesolowska , 2008 ). These compounds are promising therapeutic agents as the combination of these effects could be especially useful for the treatment of diseases, like Alzheimer's disease, characterized by cognitive deficits and mood alterations (for review, see Fone 2008; Mitchell and Neumaier 2005) .
The behavioral literature concerning the effects of 5-HT 6 receptor agonists in models of depression-like and anxietylike behavior is small, most likely due to the paucity of selective agonists (Schechter et al. 2008; Svenningsson et al. 2007) . Preclinical studies showed that the 5-HT 6 receptor agonist 2-ethyl-5-methoxy-N,N-dimethyltryptamine (EMDT) produced antidepressant-like effects in the mouse tail suspension test, and the 5-HT 6 receptor antagonist SB-271046 blocked the effects of EMDT and partially blocked the effects of the SSRI fluoxetine (Svenningsson et al. 2007) . Recently, two selective 5-HT 6 receptor agonists, WAY-208466 and WAY-181187, were synthesized and neurochemically characterized (Cole et al. 2007; Schechter et al. 2008 ). These compounds demonstrate greater than 100-fold selectivity for the 5-HT 6 receptor over a number of other receptors found in the CNS. Acute and chronic systemic administration of these compounds in rats increase extracellular GABA levels in multiple brain regions, decrease 5-HT and dopamine levels in the frontal cortex, and decrease stimulated glutamate release without affecting basal glutamatergic tone (Schechter et al. 2008) . In behavioral studies, WAY-181187 decreases adjunctive drinking maintained by schedule-induced polydipsia, a model of obsessive-compulsive behavior (Schechter et al. 2008) . Chronic treatment with SSRIs also decreases schedule-induced polydipsia (Woods et al. 1993) suggesting that SSRIs and 5-HT 6 receptor agonists may produce similar behavioral effects.
In the current study, we tested the hypothesis that activation of the 5-HT 6 receptor would produce antidepressantlike and anxiolytic-like effects in rats. We utilized the modified rat forced swim test (FST) to examine potential antidepressant effects of the two selective 5-HT 6 receptor agonists, WAY-208466 and WAY-181187, because this version of the test has been shown to reliably detect the antidepressant activity of SSRIs and other agents that produce their effects through activation of the 5-HT system (Cryan et al. 2005) . The novelty-induced hypophagia (NIH) test and defensive burying (DB) tests were used to measure any potential anxiolytic-like effects of these compounds (De Boer and Koolhaas 2003; Dulawa and Hen 2005) . These tests were chosen because of the complementary nature of the anxiety-like responses produced in the tests. The DB test involves the initiation of an active behavior in response to an aversive stimulus whereas the NIH test involves the suppression of active behavior in response to the novel arena. Anxiolytic drugs produce complementary effects on behavior, reducing burying behavior in DB test and increasing approach to the food in the NIH test. This approach provides additional information when employed as a pair of tasks used to measure anxiety-related behaviors.
Materials and methods

Animals
Male Sprague-Dawley rats (Charles River Laboratories, Wilmington, MA), weighing 225-250 g upon arrival, were housed two per cage in a temperature-controlled (22°C) colony room under a 12-h light/dark schedule (lights on at 0700 hours). Food and water were freely available. The care and use of animals was in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. (Wyeth Research, Princeton, NJ) , chlordiazepoxide hydrochloride (Sigma-Aldrich, St. Louis, MO), and fluoxetine hydrochloride (BIOTREND Chemicals, Zurich, Switzerland) were all dissolved in distilled water. All drug solutions were injected s.c. at a volume of 2 ml/kg subcutaneously. Control groups in all experiments were given an injection of 0.9% saline at an equivalent volume.
Behavioral procedures
Forced swim test
The modified rat FST utilized in these experiments is similar to a protocol used frequently in this lab (Detke et al. 1995) . Rats were exposed to two swim sessions. The first session was 15 min in duration, and the second session was 5 min in duration and given 24 h after the first session. WAY-208466 (7.5, 15, and 30 mg/kg), WAY-181187 (3, 10, and 17 mg/kg), and fluoxetine (20 mg/kg) were administered three times between the 15-and 5-min swim sessions (23.5, 5, and 1 h before the 5-min swim). The 5-HT 6 agonist drug doses were chosen to span doses previously shown to modulate extracellular neurotransmitter levels (Schechter et al. 2008 ). The swim tests were conducted in a glass cylinder (20 cm diameter) filled to a depth of 30 cm with fresh water (23-25°C). The 5-min test was videotaped and scored for the frequency of climbing, swimming, and immobility behaviors using a time-sampling method by an observer blind to treatment.
Locomotor activity
General locomotor activity was measured in a Plexiglas open-field arena (L 46 cm×W 38 cm×H 38 cm) located in a room lit by two 15-W light bulbs, aimed away from the testing arena to produce a total illumination level of 75 lx in the testing arena. Total distance traveled (centimeters) was measured over a 30-min time period using the SMART video tracking system (San Diego Instruments, San Diego, CA). WAY-208466 (30 mg/kg) and WAY-181187 (17 mg/ kg) were administered 23.5, 5, and 1 h before the testing session in order to mimic the treatment regimen used in the FST experiments.
Defensive burying test
The shock-probe defensive burying test, adapted from the procedure developed by Treit and colleagues (1981) , was conducted in a clear polycarbonate cage, 48 cm L×26 cm W×20 cm H, with a 1-cm diameter hole located 7 cm from the base at one end of the cage to accommodate the shockprobe. The test was conducted in a room with standard fluorescent lighting set to 130 lx. Fresh bedding (Bed o'Cobs, The Andersons, Maumee, OH) lined the cage to a depth of 5 cm. The shock probe was a 1.0-cm diameter glass rod wrapped with two alternating, non-touching 18-gauge copper wires. The probe extended 6 cm into one end of the cage and 2 cm above the surface of the bedding. The probe was attached to a shock generator (SGS-004, BRS-LVE, Laurel, MD) set to deliver 4.0 mA of current when the probe was touched. Rats were treated with WAY-208466 (15 or 30 mg/kg), chlordiazepoxide (5 mg/kg), or WAY-181187 (10 or 17 mg/kg) 30 min before the start of testing. At the beginning of the test, rats were placed in the cage at the end opposite the shock probe, facing away from the probe. Rats typically approached the probe to investigate within 10-15 s, making contact with their paw or snout. The 15-min test period began when the rat contacted the probe and received a shock. The probe remained electrified for the duration of the session. Test sessions were videotaped for subsequent analysis. After each test, the cage was replaced with an identical clean testing cage containing fresh bedding. Burying consisted of burrowing into the bedding with the snout and upper body and then pushing or flicking the bedding toward the probe using the forepaws. In addition to the total time spent burying, the latency to contact the probe and shock reactivity on a fourpoint scale (Treit and Pesold 1990 ) was also measured.
Novelty-induced hypophagia
Rats were trained to consume a palatable food (Graham cracker crumbs) in their home cage for eight consecutive days. Ninety minutes prior to the daily feeding sessions, an opaque Plexiglas divider was inserted into the home cage, separating the two cage mates. Each rat was individually presented with 8-10 g of Graham cracker crumbs (Kraft Foods, Inc., Northfield, IL) for 15 min. This training period allowed for the development of stable levels of food intake and feeding latencies (Bechtholt et al. 2007 ). The day after the end of training, rats were given a home cage test. The home cage test was identical to the training sessions except that the rats were treated with either WAY-208466 (15 or 30 mg/kg) or WAY-181187 (10 or 17 mg/kg) 30 min before they were given access to the Graham cracker crumbs. The home cage test was videotaped for later analysis. Noveltyinduced hypophagia was assessed by presenting the familiar graham cracker crumbs to individual rats in a novel environment. The novel cage test was conducted 1 day after the home cage test. The novel environment consisted of a polycarbonate cage of the same dimensions as the home cage (48 cm L×26 cm W×20 cm H) that was brightly lit (1,345 lx) and had a wire, rather than bedding, lined floor. Rats were again treated with WAY-208466 or WAY-181187 30 min before testing. The novel cage test was also videotaped. Latency to begin eating and amount of food consumed were measured in both the home and novel cage tests.
Statistical analyses PASW 17.0 software (SPSS, Inc., Chicago, IL) was used for all data analysis. The forced swim tests using the 5-HT 6 agonists, locomotor activity tests, DB tests, and NIH tests were analyzed using one-way ANOVA. Follow-up analysis of significant main effects was conducted using Bonferroni's post hoc test. The data from the FST experiment with fluoxetine was analyzed using a Student's t test.
Results
Effects of 5-HT 6 receptor agonists in the forced swim test
The 5-HT 6 receptor agonist WAY-208466 produced antidepressant-like effects in the modified rat FST (Fig. 1a) . WAY-208466 treatment produced a significant reduction in immobility [F(3, 39)=3.62, p<0.05]. The 30-mg/kg dose significantly lowered immobility compared to the saline-treated group (p<0.05). WAY-208466 treatment also produced a complementary increase in swimming behavior [F(3, 39)=2.83, p=0.05]. The 30-mg/kg dose increased swimming behavior compared with saline (p= 0.05). There were no significant effects of drug treatment on climbing behavior.
Antidepressant-like effects were produced by administration of WAY-181187 (Fig. 1b) The antidepressant-like effects of these two compounds were not due to a general increase in locomotor activity, as neither drug produced hyperactivity in the open field (Table 1) . Also, the magnitude and response pattern of the antidepressant activity produced by the 5-HT 6 agonists was similar to that seen after treatment with the clinically effective SSRI fluoxetine (Fig. 1c) , which decreased (Fig. 2a) . The magnitude of the effect for WAY-208466 (15 mg/kg) was similar in magnitude to the effect produced by the reference anxiolytic compound chlordiazepoxide. There were no significant differences between the groups in reactivity score or latency to contact the probe suggesting that the treatment effects were not due to insensitivity to the shock or locomotor deficits (Table 2) .
WAY-181187 significantly decreased burying duration in the DB test [F(2, 26)=12.72, p<0.001] (Fig. 2b) . Both the 10-and 17-mg/kg doses produced significant decreases in burying duration (p<0.01 and p<0.001, respectively). The high dose of WAY-181187 almost eliminated all burying behavior as eight of the nine rats tested did not bury at all. As with WAY-208466 treatment, WAY-181187 did not alter reactivity score or latency to contact probe ( Table 2) .
Effects of 5-HT 6 receptor agonists in the NIH test WAY-208466 produced significant reductions in the latency to begin feeding in the novel cage portion of the NIH test [F(2, 20) =4.36, p <0.05]. As shown in Fig. 3a , the compound produced decreases in novel cage latency at the 15-mg/kg doses (p<0.05). As seen in the DB test, the high dose of WAY-208466 did not significantly alter behavior in the NIH test. There were no differences in novel cage food consumption, home cage latency, or home cage consumption (Table 3) . WAY-181187 did not produce significant reductions in approach latency at either dose tested in the NIH test (Fig. 3b) . WAY-181187 treatment had a significant effect on food consumption as the compound decreased home cage consumption [F(2, 26)=3.87, p<0.05] ( Table 3 ). The difference in consumption was significant at the 17-mg/kg dose (p<0.05 compared to saline-treated control group).
Discussion
The selective 5-HT 6 receptor agonists WAY-208466 and WAY-181187 were tested for potential antidepressant activity in the modified FST because this version of the test has been widely demonstrated to measure the antidepressant-like effects of SSRIs and selective 5-HT receptor agonists (Lucki 1997; Cryan et al. 2005 ). Both 5-HT 6 receptor agonists produced antidepressant-like effects in the modified rat FST. The pattern of response in the FST, increased swimming, was also similar to the effects of other serotonergic compounds (Detke et al. 1995) . This response pattern suggests that 5-HT 6 receptor agonists may have potential activity as antidepressants in agreement with previous research in mice (Svenningsson et al. 2007 ).
Paradoxically, 5-HT 6 receptor agonists and antagonists have been reported to produce similar effects in animal models of depression and anxiety (Svenningsson et al. 2007; Wesolowska 2007 Wesolowska , 2008 . 5-HT 6 receptor agonists and antagonists also appear to produce convergent behavioral effects in tests of cognitive function as both classes of compounds improve performance in attentional set-shifting tasks in rats (Burnham et al. 2010; Hatcher et al. 2005) . It is possible that 5-HT 6 receptor agonists and antagonist happen to produce similar behavioral effects but through different neurochemical mechanisms, although actions mediated in different brain regions can provide another reason. Supporting the first explanation, antidepressant-like effects of 5-HT 6 receptor antagonists could be produced through non-serotonergic mechanisms as they have been demonstrated using versions of the FST that would ordinarily not be sensitive to SSRIs (Borsini 1995; Wesolowska 2007; Wesolowska and Nikiforuk 2008) . Indeed, the antidepressant-like and anxiolytic-like effects of the 5-HT 6 antagonist SB-399885 were shown to persist after 5-HT depletion suggesting that the effects were not dependent on serotonergic neurotransmission but could involve another neurotransmitter (Wesolowska 2007 (Wesolowska , 2008 .
SSRIs are also administered for the treatment of anxiety disorders (Nutt 2005) . The 5-HT 6 receptor agonists used in these studies have been shown to increase extracellular concentrations of GABA in multiple brain regions (Schechter et al. 2008 ) and activation of GABA receptors is associated with anti-anxiety effects (Shiah and Yatham 1998) . The reduced adjunctive drinking maintained by schedule-induced polydipsia, a heuristic model of compulsive behavior, by WAY-181187 could be indicative of antianxiety effects (Schechter et al. 2008) . Accordingly, the effects of 5-HT 6 receptor agonists were examined on two anxiety-related behavior tests, defensive burying and novelty-induced hypophagia.
The two 5-HT 6 receptor agonists reduced burying behavior in the DB test and WAY-208466 decreased approach latency in the NIH test, effects that are similar to those of established anti-anxiety drugs (Treit et al. 1981; Bodnoff et al. 1989 ) and chronic treatment with antidepressants in these tests (Bechtholt et al. 2008; Bodnoff et al. 1988; Bondi et al. 2007; Dulawa et al. 2004) . In the DB test, there were slight differences in the behavioral responses produced by the 5-HT 6 receptor agonists. The most effective dose of WAY-208466 in our study was the low dose (15 mg/kg) tested which produced a roughly 50% decrease in burying behavior. The anxiolytic-like effect produced by WAY-208466 was similar in magnitude to the effect produced by the There were also differences between the two 5-HT 6 receptor agonists in their behavioral effects in the NIH test. Again, the 15 mg/kg dose of WAY-208466 tested produced greater effects than the high dose on approach latency in the novel cage. WAY-208466 treatment did not increase food consumption in the novel cage, an effect found in rats after chronic fluoxetine treatment (Bechtholt et al. 2008) . This may represent a partial anxiolytic phenotype that could be enhanced with repeated treatment. In contrast, WAY-181187 did not decrease approach latency in the novel environment, an effect that could be related to a decrease in appetitive behaviors as drug treatment also reduced food consumption in the home cage. Interestingly, a reduction in food consumption has been shown after treatment with the 5-HT 6 receptor agonist E-6837 (Fisas et al. 2006) . Another possible explanation for the decrease in food consumption could be secondary activation of the 5-HT 2c receptor. WAY-181187 exhibits roughly three-fold greater affinity for the 5-HT 2c receptor than WAY-208466 (Cole et al. 2007; Schechter et al. 2008) , and activation of the 5-HT 2c receptor has been shown to decrease the motivation to consume palatable foods (Ward et al. 2008) .
A major drawback of clinical treatment with many SSRIs is a side-effect profile that includes increased anxiety, nausea, and inhibition of sexual motivation due to the generalized effects of globally increasing 5-HT transmission (Frazer 1997) . The development of selective 5-HT 6 receptor agonists as antidepressants could substantially improve the treatment of affective disorders if similar clinical efficacy could be achieved without these common side effects. Additionally, 5-HT 6 receptors are almost exclusively expressed in the CNS (Ruat et al. 1993) , thereby reducing the potential for peripheral side effects.
In conclusion, the acute activation of the 5-HT 6 receptors, through the administration of the agonists WAY-208466 and WAY-181187, produces antidepressant-like and anxiolyticlike effects in rats. These behavioral effects, combined with neurochemical data that show a convergence of effects between 5-HT 6 receptor agonist administration and chronic SSRI treatment (Schechter et al. 2008) , support further study of 5-HT 6 receptor agonists as potential treatments for depression and anxiety. Elucidation of the full behavioral and neurochemical profile of 5-HT 6 receptor agonists, especially following chronic treatment, is necessary in order to determine a suitable recommendation for their potential use in clinical settings.
